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sliding  wear  behavior  of  electron  beam  surface  melted  m  tool  steel 


A  W.  Raff  and  L.  K.  hn, 
Mmlluiw  OMtlen 
NMional  Bureau  of  Standard, 
Waahinfton,  O.C. 


ABSTRACT 

Studies  Mr*  carried  out  on  the  dry  sliding  wear 
behavior  of  electron  beeu  united  surface  layers  on  a 

Spe  0-2  tool  steel,  and  on  annealed  and  conventlon- 
ly  hardened  0-2  steel  speclaens  for  couparlson. 

Hear  tests  were  conducted  In  a  flowing  argon  « bio¬ 
sphere  at  a  sliding  fpaed  of  20  cn/s,  a  load  of  10  N, 
and  against  a  52100  bearing  steel  ring.  Hear  surface 
uorphology  was  studied  along  with  subsurface  struc¬ 
ture  using  optical  and  electron  ulcroscopy  nethods. 

The  study  concentrated  'on  the  wear  of  this  steal  after 
different  processing  treatments.  Electron  bean 
surface  waiting  and  Subsequent  rapid  solidification 
In  situ  of  the  steel  produced  a  highly  refined 
wartansltlc  alcrostructure  having  higher  hardness 
values  and  better  wear  resistance  then  obtained  using 
conventional  quench  hardening  of  that  steel.  Carbide 
distribution  and  Martensite  phase  uorphology  were 
affected  ty  this  surface  Halting  process;  those  mlcro- 
structual  characteristics  Influenced  the  wear  behavior. 
Variations  In  electron  bean  power  and  surface  speed 
during  uniting  were  explored  In  terns  of  their  effect 
on  the  resulting  surface  layer.  The  wear  test  systua 
used  was  con  put er  Interfaced  and  controlled,  permit¬ 
ting  continuous  ueasuranents  of  wear  depth  and  friction 
force. 

1.  INTRODUCTION 

There  Is  considerable  Interest  (1)  In  the  develop- 
uant  of  wear-resistant  coatings  and  surface  treatuents 
for  netals  used  In  service  under  a  variety  of  dif¬ 
ferent  conditions.  These  conditions  Include  lubri¬ 
cated  environments,  dry  sliding  applications  and 
abrasive  wearing  conditions,  auong  others.  Rany 
techniques  have  been  developed  to  apply  suitable 
coatings  on  natal  substrates  or  to  otherwise  modify 
surfaces.  Including  chemical  deposition,  physical 
deposition,  diffusion  coatings,  and  most  recently 
techniques  of  surface  modification  using  directed 
energy  sources  such  as  electron  beaus  and  lasers.  A 
number  of  potential  advantages  are  associated  with 
these  surface  modification  methods  (2),  among  than 
are  the  control  of  the  microstructure  of  the  modified 
near-surface  material  and  the  relative  lack  of  Inter¬ 
face  weaknesses  that  frequently  lead  to  failure 
problems  (3).  This  paper  will  describe  experiments 
using  a  modified  comeerclal  electron  beam  system  for 
surface  modification  through  melting  and  rapid 
solidification  In  situ  of  surface  layers  on  0-2  tool 
steel  specimens.  Hear  studies  were  carried  out  under 
dry  sliding  conditions  on  the  surface  melted  specimens 
and  on  conventionally  processed  specimens  of  the  same 
alloy.  A  significant  reduction  In  wear  rata  for  0-2 
steel  was  found  to  result  from  the  electron  beam 
surface  melting  process  applied  In  the  present  study 
and  Is  ascribed  to  the  nlcrostructure  that  resulted 
from  this  processing  treatment.  Relatively  few 
studies  of  the  wear  characteristics  of  rapidly 
solidified  surface  layers  have  been  reported 


previously  (4). 

II.  EXPERIMENTAL  METHODS 
R.  Hear  Test  System 

A  variable  speed  electric  motor  with  a  replaceable 
52100  steel  wear  ring  attached  to  the  motor  shaft 
provided  sliding  notion  for  this  wear  test.  A  test 
specimen  was  loaded  on  top  of  this  ring  and  was  held 
In  place  on  an  Instrumented  arm  which  was  free  to  pivot 
In  a  vertical  plane.  Two  Interchangeable  specimen 
holders  were  designed  for  use  with  the  arm;  one  for 
rectangular  block  specimens  (6.3  mm  x  12.7  mm  x  5.4  mm) 
and  one  for  cylindrical  specimens.  The  holders  were 
designed  so  that  weights  could  be  placed  over  the 
contact  In  order  to  vary  the  load.  A  load  of  10  N  was 
usad  In  all  tests  on  the  rectangular  block  specimens 
that  are  reported  In  this  paper.  Tests  were  conducted 
at  normal  ambient  temperature  of  about  25*C.  An 
enclosure  around  the  contact  region  was  used  to  main¬ 
tain  a  flowing  argon  atmosphere  and. a  humidity  level 
of  about  305  R.H.  during  the  wear  tests.  A  cam  operated 
switch  on  the  wear  ring  holder  was  used  to  synchronize 
data  sampling  with  the  wear  ring  position  to  reduce 
variation  due  to  the  ring  surface  run-out.  Digital 
data  sampling  took  place  once  each  cycle  of  rotation. 
Normally  ten  successive  data  points  were  averaged 
together. 

The  electronic  data  acquisition  system  used 
measured  three  parameters;  friction  force,  contact 
displacement  and  temperature  In  a  repeating  cycle  at 
a  2Hz  rate.  Contact  displacement  was  measured  with  a 
linear  variable  differential  transformer  (LVDT)  which 
monitored  the  change  In  height  of  the  pivoting  arm 
bearing  the  specimen  holder.  Friction  force  was' 
monitored  through  the  use  of  two  strain  gauges  attached 
to  the  pivoting  arm;  the  resulting  signal  was  directed 
to  an  amplifier.  Tmaperature  was  measured  by  a  thermo¬ 
couple  placed  within  the  enclosure  (and  In  some  cases 
welded  to  the  block  specimen).  Time  was  determined 
using  the  controlling  computer's  Internal  clock.  The 
peripheral  devices  were  wired  to  an  electronic  switch 
scanner  (25  Nz  reading  rate)  whose  output  was  directed 
to  a  prograamable  digital  voltmeter.  Digital  data 
were  then  fed  to  a  minicomputer.  The  computer  was 
programmed  to  select  a  scanner  channel,  set  the  range 
and  operating  mode  of  the  voltmeter,  and  then  read  a 
variable  value  from  the  voltmeter.  Computer  software 
started  and  stopped  the  test  and  carried  out  preliminary 
steps  of  data  processing  prior  to  data  storage  on 
magnetic  disks.  Software  was  developed  to  plot  friction 
coefficient  and  displacement  vs  time  (sliding  distance), 
calculate  and  plot  wear  volume  vs  time.  The  wear  dis¬ 
placement  and  wear  volume  plots  could  be  made  with 
either  the  raw  data  or  after  averaging  successive 
groups  of  eleven  data  points  for  smoothing. 

B.  Electron  Beam  Meltlno  System 

A  modified  commercial  electron  beam  vacuum  welding 
_apj>aratus_(F1g.  1 )  was. used  to  melt  and  produce.a 
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Flg.l  Electron  bean  vacuum  chamber  containing  electron 
un  (G)>  specimen  table  (T)  and  control  panel 
P). 

rapidly  solidified  surface  layer  on  the  0-2  steel 
blocks.  The  electron  gun  consisted  of  a  tungsten 
filament  cathode,  a  control  grid  electrode,  an  anode 
and  a  magnetic  focus  coll.  The  beam  voltage  was 
normally  20  kV.  The  working  vacuum  was  about 
1  Pa.  The  specimens  to  be  surface  melted  were  mounted 
on  a  rectangular  scanning  table  driven  by  motors  from 
outside  the  chamber.  The  surface  melted  region  was 
formed  by  a  series'  of  scans  moving  the  specimen  under 
a  stationary  electron  beam  of  diameter  about  O.S  mm 
In  these  experiments.  Each  pass  overlapped  the 
previous  one  to  obtain  a  more  uniform  melt  depth. 

Rapid  solidification  of  this  molten  region  occurred 
after  the  electron  beam  had  passed.  When  the  melting 
process  was  completed  the  surface  of  the  block  was 
uneven  (Fig.  2).  Prior  to  wear  testing  the  surface 
was  ground  flat,  removing  about  0.4  mm  of  material  and 
finished  In  the  manner  described  below. 

C.  Test  Specimens 

Type  0*2  tool  steel  Is  a  hypereutectold  steel 
having  a  composition  of  0.9XC,  1.6XMn,  0.25SS1.  The 
annealed  microstructure. Is  composed  of  carbide  spheroids 
In  a  ferrite  matrix  (Fig.  3).  Some  banding  of  carbide 
particles  was  noted  In  the  original,  commercial  bar 
stock  material.  The  specimen  blocks  were  precision 
ground  for  wear  testing;  for  good  alignment  all 
surfaces  were  made  flat  and  all  sides  parallel.  The 
surfaces  to  be  tested  were  final  ground  with  wet  400 
and  600  grit  paper,  then  polished  dry  with  600  grit 
microcloth.  This  gave  a  surface  roughness  of  about 
75nm  (R»)  on  all  specimens.  The  annealed  material  had 
a  Knoop  hardness  value  of  about  200  (KHN).  The  quench* 
hardened  material  (800*C,  followed  by  1  hr  temper  at 
275*C)  (5}  had  a  hardness  value  of  about  730  KHN. 

The  hardness  of  the  electron  beam  melted  steel  varied 
from  600  KHN  to  800  KHN  throughout  the  melted  region 
as  will  be  discussed  later. 

0.  Wear  Testing  Procedure 

Prior  to  wear  testing,  the  ring  and  the  block 
specimens  were  thoroughly  cleaned  In  an  ultrasonic 
cleaner  using  hexane  followed  by  acetone.  The  52100 
steel  ring  (HRC>62)  and  the  specimen  block  were  then 
fastened  In  place  and  the  alignment  of  the  block  to 
the  ring  was  adjusted  using  a  small  light  to  Illuminate 
the  contact  area  from  behind.  A  glass  slide  was 
positioned  below  the  contact  to  catch  loose  wear  debris 
particles.  When  the  specimen  was  properly  aligned, 
flowing  argon  was  Introduced  Into  the  chamber.  After 
about  10  minutes  of  argon  flow,  the  test  was  begun. 


Fig. 2  Electron  beam  surface  melted  tool  steel  specimen 
block.  Scanning  direction  is  vertical.  Note 
millimeter  scale  at  bottom  of  photograph. 

When  the  test  was  completed,  the  specimen  and  wear 
debris  collected  were  removed.  The  ring  was  cleaned 
whenever  a  new  type  of  specimen  was  tested  or  when 
the  rings  began  to  show  noticeable  wear.  Typically 
two  or  three  tests  were  conducted  on  one  ring. 

E.  Microscopy  Methods 

Optical  microscopy  and  scanning  electron 
microscopy  (SEN)  studies  of  the  worn  surfaces,  wear 
debris,  and  metal lograpMcally  prepared  sections  were 
carried  out  on  a  number  of  specimens.  Sputtered 
coatings  of  Au-Pd  were  deposited  on  the  SEN  specimens 
to  minimize  charging  problems  in  the  microscope. 
Transmission  electron  microscopy  (TEM)  studies  were 
carried  out  to  characterize  the  microstructure 
resulting  from  the  three  processing  treatments,  and 
to  examine  the  structure  below  the  wear  surface  on 
the  electron  beam  surface  melted  specimens.  The  TEM 
specimen  preparation  method  was  similar  to  that 
described  by  Hogmark,  Swahn  and  Vlngsbo  (6).  A 
1  mm  thick  layer  of  nickel  was  electrodeposlted  over 
the  block  surface  containing  the  wear  scar  after 
cleaning  It  ultrasonlcally  In  acetone  to  remove  loose 
debris.  A  conventional  nickel  sulfamate  plating  bath 
(7)  was  used.  Plating  was  carried  out  at  a  current 
density  of  43  A/ cm2  and  a  bath  temperature  of  50*C. 


Fig. 3  Microstructure  of  annealed  8-2  tool  steel 
specimen,  etched  In  nltal  for  10  seconds. 
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III.  RESULTS  MO  OISCUSSION 

*•  Elytron  lag  Sefia  Milm  .  ,  t 

The  ulcrostructure  resulting  fro*  electron  beae 
surface  welting  mi  characterized  and  cou pared  with 
the  Micros true tu re  of  0-2  tool  steal  in  both  the 
annealed,  and  the  quenched  and  taupe red  conditions. 

One  exauple  of  a  cross-sectioned,  aetallograpMcally 
polished,  and  etched  surface  of  an  electron  beau  united 
specluen  is  shown  in  Fig.  4.  The  optical  photographs 
show  the  central  region  and  one  end  region  frou  a 
united  length  of  about  1.3  ca.  The  united  and  solid¬ 
ified  zones  corresponding  to  Individual  scans  of  the 
specluen  under  the  electron  beau  can  be  recognized. 

The  average  unit  depth  of  about  1  nu  was  achieved 
In  this  case  under  the  conditions  of  500  watts  beau 
power  and  a  specluen  sunning  speed  of  7.3  cu/sec. 

The  width  of  a  single  unit  pass  at  the  surfhee  was 
about  1.5  an  and  the  overlap  of  adjacent  unit  passes 
was  adjusted  by  spacing  the  scans  about  0.5  an  apart. 
Higher  Magnification  optical  photoulcrographs  are 
shown  In  -Flo.  5.  - The-dlrectlenel  ly  sol  1d1  fled 


Fig. 5  Cross-section  of  electron  bean  aelted  specluen  . 
(a)  central  region,  near  depth  used  for  wear 
testing,  (b)  central  region,  base  of  uelt  pool 
(original  ulcrostructure  at  bottou  of  photograph) 
(c)  and  region,  base  of  uelt  pool.  Etched  8  sec 
In  nltal. 

ulcrostructure  characteristic  of  radial  heat  flow  and 
solidification  of  the  central  region  of  each  uelt  pass 
at  a  depth  of  about  0.5  nu  Is  shown  in  Fig.  5a.  As 
a  result  of  the  Increasing  average  tauperature  of  the 
entire  specluen  block  as  the  scanning  process  continued 
under  the  electron  beau,  the  final  ulcrostructure  varied 
frou  the  first  pass  to  the  last.  Figures  5a,  b  are 
taken  frou  near  the  center  of  the  scanned  region 
(see  Fig.  2).  Figure  5b  shows  the  ulcrostructure  near 
the  uelt  Interface  boundary  with  the  unaelted  steel, 
at  a  depth  of  about  1  am.  Typically  the  Interface 
showed  no  evidence  for  voids  or  second  phase  particles 
—so  long  at  suiting. conditions  were  properly  chosen. 
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Fig. 6 


Variation  of  nl nletun  welt  dapth  with  speclnen 
surface  seaming  speed  (for  400  watt  bean),  and 
with  input  energy  per  unit  length.  Rectangles 
Indicate  ranges  of  observed  values. 


Spao i mart  Spanning  Spaad  (om/a) 


In  contrast  to  this  structure,  a  similar  region  at  the 
end  of  the  scanned  area  where  the  block  has  a  higher 
average  temperature  Is  shown  In  Fig.  Sc.  Thera  the 
different  appearance  of  the  wart ansi tic  structure 
after  etching  Is  due  to  the  tendering  effect  experienced 
during  the  final  cooling  stages  of  the  wel  tad/solidified 
volume.  The  original  spherlodlzed  carbide  structure 
of  the  block  can  be  seen  In  areas  below  the  welted 
Material . 


A  hum bar  of  experluents  were  conducted  to  explore 
the  effect  of  different  surface  scanning  speeds  on  the 
resulting  solidified  structures.  Figure  6  shows  the 
Measured  relationship  between  wlnlwuw  welt  depth  with 
surface  speed  and  energy  Input  per  unit  length  (for 
a  400  watt  beaw).  The  maximum  welt  depth  Is  about 
twice  as  large  and  would  correspond  to  the  depth  for 
a  single  pass.  The  range  In  nett  depth  values  Is 
shown  by  the  height  of  the  rectangle  plotted  that 
contains  the  actual  Measured  values.  This  range  Is 
due  to  fluctuations  (e.g.  bean  power)  fron  pass  to 
pass  and  the  gradually  Increasing  block  tanperature. 
The  variation  In  Input  energy  per  unit  length  shown  by 
the  width  of  the  rectangle  plotted  Is  due  to  fluctu¬ 
ations  In  the  beaw  power  and  scanning  speed.  There  Is 
an  approxlwately  linear  relation  between  input  energy 
per  unit  length  (bean  power/scannlng  speed)  and  welt 
depth  over  the  region  of  Interest. 


Measurements  of  the  wlcrohardness  of  the  welted 
regions  were  carried  out  on  cross-sections  of  several 
sped  wens.  Figure  7  shows  the  results  of  Knoop 
wlcrohardness  deternlnatlons  plotted  against  surface 
scanning  speed.  For  each  speclnen  at  a  given  seaming 
Speed  there  was  a  range  of  wlcrohardness  values 
corresponding  to  different  locations  In  the  welted 
volune.  The  curve  narked  average  Indicates  the 
observed  trend  of  Increased  hardness  with  Increased 
surface  scanning  speed  for  locations  In  the  Middle 
of  the  welt  depth.  Maxinun  hardness  values  of  about 
MO.KHN  were  observed  near  the  bottow  of  the  welted 
layer;  these  are  larger  than  those  Measured  on  the 
bulk  quenched  and  tenpered  steel  specimens.  In 


Fig. 7 


Measured  wlcrohardness  (Knoop)  vs  speclnen 
surface  scanning  speed  (400  w  bean  power). 
Scatter  results  fron  variation  In  hardness 
found  through  the  welted  volune. 


general  the  hardness  values  Increased  with  speclnen 
seaming  speed,  probably  as  a  direct  result  of  the 
faster  solidification  rates  associated  with  the 
higher  seaming  speeds. 


Studies  of  the  electron  bean  welted  regions 
indicate  a  highly  refined  wlcrostructure  In  general, 
although  the  details  observed  depend  on  location 
within  the  speclnen  block,  due  to  variations  In  pre¬ 
heating  (fron  previous  electron  beaw  scans  on  the 
sane  block)  and  solidification  rate  (welt  depth  and 
Input  beaw  energy).  A  distribution  of  snail  carbide 
particles  at  close  spacing  was  observed.  A  distri¬ 
bution  of  nartenslte  plate  size  was  also  seen  that 
ranged  fron  fine  to  coarse  depending  of  the  conditions 
of  the  welting  process.  These  observations  are 
consistent  with  the  known  Metallurgy  of  this  tool 
steel  (8).  Previous  work  by  Strutt  et  al.  (9)  and 
Kin  et  al.  (10)  on  a  laser  welted  tool  steel  also 
found  a  refined,  high  hardness  wlcrostructure  to  result 
fron  laser  surface  welting. 

n* 

8.  Wear  Testing  ay* 

Wear  measurements  were  wade  on  the  0-?  topi  steel 
in  an  annealed  condition,  a  quenched  and  ’cipired 
condition,  and  an  electron  beaw  surface  welted 
condition.  Table  I  gives  the  observed  veer  voliase 
and  wear  rate  date  along  with  the  final  friction 
coefficient  and  the  sliding  distance  for  each 
experlnent.  The  variation  in  friction  and  wear  dis¬ 
placement  during  typical  tests  is  shown  In  Fig.  8  for 
an  electron  bean  welted  speclnen.  The  friction 
coefficient  curve  (PC)  varied  sowewhat  fron  test  to 
test;  In  sowe  cases  an  Initial  peak  was  found, -In 
other  cases  a  wore  gradual  rise  was  Measured.  In  all 
cases  the  friction  coefficient  was  nearly  constant 
after  800-400  n  of  sliding  distance.  The  wear  depth 
curve  (M)  In  Fig.  8  was  also  typical.  The  wear 
volune  curve  (MV)  represents  the  wear  volune  per  unit 
length  of  wear  scar.  Figure  9  shows  the  results  of 
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Fig. 8  Friction  coofflclont  (FC),  wear  (N),  end  mar 
voIum  (MV)  curves  for  on  oloctron  bow  ml  ted 
spec  Inert  of  0-2  tool  (tool . 


♦  Nor  nlm/uul  «tui*i  «il«n. 


on#  wear  tost  on  an  annealed  0-2  stool  spocloan  where 
the  mar  volum  curva  (MV)  Increased  with  sliding 
distance  In  a  naarly  constant  mnner.  The  friction 
coefficient  value  .there  ms  considerably  lower  than  for 
tho  electron  hem  ml  ted  speclmns  (Fig.  8).  An 
exanple  of  the  wear  test  results  for  a  quenched  and 
t  oaperod  spec  lean  Is  shown  In  Fig.  10.  In  this  case 
the  wear  curve  ms  not  sanothed  as  In  the  previous 
figures!  the  Magnitude  of  fluctuations  In  the  contact 
position  can  be  seen.  Tho  wear  volum  Increased  approx* 
Imtely  linearly  with  tlm.  Naasuramnts  of  the  spaclmn 
tanperature  during  a  test  using  a  thermocouple 


welded  to  the  surface  about  1  m  free  the  eontect 
Indicated  that*  typically,  the  tanporatwre  rise  was 
no  wore  than  3*C  above  the  anMant  value. 

Table  1  shorn  that  several  significant  differ  am  as 
were  found  between  the  differently  processed  spec  toons. 
The  steady  state  wear  rote  ms  reduced  about  Ml  In 
the  quenched  and  t angered  steal  whan  emparod  to  the 
sane  alloy  In  the  annealed  condition.  Further,  the 
electron  bean  surface  ml  ting  traatnent  produced  an 
additional  reduction  of  about  281  relative  to  the 
bulk  quenched  and  t capered  steel.  It  Is  Interesting 
that  the  friction  coefficient  values  Increased  fron 
0.50  to  0.74  In  the  first  case,  and  fron  0.74  to 
O.M  In  the  second.  The  causa  far  the  friction 
coefficient  changes  Is  net  understood  but  my  have 
resulted  firm  snail  chmlcal  changes  near  the  surface 
that  the  processing  tree  tarn ts  produced.  The  cause 
Ibr  the  wear  rate  changes  shown  In  Table  I  Is 
attributed  to  significant  changes  In  the  spoclaon 
nlcrostructures  that  are  discussed  next.  The  electron 
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Fig. 9  FHctlon  coefficient  (FC)*  wear  (M),  and  wear 
velum  (MV)  curves  far  an  annealed  0-2  tool 
steel  spec  lean. 


Fig. 10  Friction  coefficient  (FC),  wear  (N),  and  wear 
volum  (MV)  curves  of  quench  hardened  and 
ten  pared  0-2  tool  steel  speclnen. 


Fig. 11  Example  of  wear  scars  on  electron  bean  welted 
block  subjected  to  four  tests.  Note 
millimeter  scale  at  bottom.  Sliding  direction 
of  ring  surface  shown  by  arrow. 

beam  melting  treatment,  while  leading  to  the  highest 
friction  coefficient,  also  produced  a  alcrostructure 
with  more  wear  resistant  characteristics. 

C.  Specimen  Nlcrostructures 

An  example  of  a  set  of  wear  scars  produced  on  one 
electron  beam  surface  melted  specimen  is  shown  In 
Fig.  11.  Cross  sections  and  taper  sections  were  made 
of  several  wear  specimens  by  cutting  through  the 
middle  of  the  test  block,  mounting  and  metal lographl- 
cally  polishing  the  resulting  surface.  Figure  12  shows 
SEN  photographs  of  a  taper  section  (5  deg.  angle) 
produced  on  a  worn  electron  beam  melted  specimen  In 
the  area  of  one  wear  scar.  Figure  12a  shows  the  wear 
scar  at  the  surface  (between  the  dashed  lines)  In  the 
taper  section  view;  note  that  due  to  the  taper  effect, 
distances  perpendicular  to  the  trace  of  the  surface 
represent  about  10  x  magnification  of  distances  In  a 
direction  perpendicular  to  the  specimen  surface. 

Figure  12b  at  a  larger  magnification  indicates  the 
substructure  beneath  the  worn  surface.  In  Fig.  12c 
one  can  recognise  the  martensite  and  carbide  dlstrl* 
butlon  In  the  electron  beam  melted  material  seen  before 
(Fig.  S).  Recall  that  the  as-melted  surface  was  ground 
to  a  depth  of  about  0.4  to  O.S  mm  prior  to  wear  test¬ 
ing.  Hence  the  substructure  at  that  level  corresponds 
to  about  the  middle  of  a  melt  pool,  such  as  Is  shown 
In  Fig.  Sa.  The  microstructure  near  the  wear  surface 
(arrow)  appears  disrupted  over  a  region  about  1  urn 
deep.  Etching  with  2S  nltal  for  8  seconds  revealed 
numerous  small  (<  1  urn)  features  below  the  wear 
surface  that  appeared  as  depressions,  possibly 
cavities.  It  Is  believed  that  these  features  arise 
from  roughness  In  the  wear  surface  and  are  accentu¬ 
ated  in  taper  section  views.  The  martensitic  micro¬ 
structure  of  the  steel  In  this  case  appears  to  localize 
the  actual  wear  damage  very  near  the  contact  surface, 
as  is  brought  out  In  the  TEN  results  from  the  wear 
scar  areas  to  be  discussed  next. 

Transmission  electron  microscopy  studies  were 
carried  out  on  each  of  the  three  types  of  specimens. 

The  annealed  specimen  microstructure  consisted  of 
large,  spheroidal  carbides  of  the  camentlte  structure 
(according  to  elbetron  diffraction  data)  In  a  ferrite 
matrix  (Fig.  13).  Some  of  the  large  carbides  remained 
after  the  quench  and  tamper  treatment  was  applied 
to  the  second  group  of  specimens.  As  seen  In  Fig.  14, 
the  structure  also  contained  tempered,  twinned 
martensite.  Tamperlng-efthe  martensite  was  evidenced 


Fig .1 2  Taper  section  (S  deg  angle)  of  etched  micro¬ 
structure  below  wear  track  In  alectron  beam 
melted  specimen,  (a)  wear  track  located 
between  dashed  lines,  (b)  central  track  region, 
(c)  near-surface  structure.  Etched  8  sec  In 
nltal.  Sliding  direction  of  counterface 
Indicated  by  arrow. 

by  the  presence  of  fine,  epitaxial  carbide  precipitates 
throughout. 

A  cross-section  through  a  wear  track  In  the 
electron  beam  surface  melted  material  is  shown  In 
Fig.  IS.  The  sliding  direction  is  Indicated  by  the 
arrow.  The  material  to  the  left  of  the  Hne(S) 
representing  the  wear  surface  trace  In  these  electron 
micrographs  Is  electrodeposlted  nickel  that  was  used 
to  protect- the  surface  during  preperetlon  of-the  thin 
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Fig. 13  Transmission  electron  micrograph  from  an 
annealed  0-2  tool  steel  specimen.  Large 
spheroidal  carbides  and  a  relatively  unde¬ 
formed  ferrite  matrix  were  characteristic. 

foil  section.  This  set  of  micrographs  Indicates  the 
type  of  structure  that  was  typical  of  all  thin  sections 
studied  from  four  different  wear  tracks  on  these 
specimens.  To  the  right  of  the  wear  surface  trace  one 
sees  the  microstructure  typical  of  the  electron  beam 
melted  material.  It  consisted  of  tempered,  twinned 
martensite.  None  of  the  original  large  carbides  were 
found.  The  region  below  each  wear  track  was  carefully 
examined  to  Identify  the  damage  zone  and  any  features 
resulting  from  wear.  As  shown  In  Fig.  15  the  worn 
surface  appeared  .very  smooth  In  all  the  sections 
studied  at  these  relatively  high  magnifications. 

Optical  and  SEN  results  from  the  worn  surfaces  also 
Indicated  some  regions  appearing  relatively  smooth 
and  polished.  Other  regions  (see  Fig.  12)  within  the 
wear  scar  showed  a -roughened  surface,  however.  There 
were  some  Indications  In  the  TEN  results  of  damage 
located  very  close  below  the  wear  surface.  Some 
twinned  regions  In  the  martensite  such  as  at  In 
Fig.  15  appeared  bent  In  the  sliding  direction. 

However,  the  evidence  found  Indicates  the  deformation 
damage  extended  no  further  than  about  SO  nm  deep  from 
the  surface.  This  finding  Is  consistent  with  the 
relatively  hard  (Knoop  hardness  800  or  greater), 
fine  structured  alloy  that  resulted  from  electron  beam 
surface  melting  and  rapid  solidification.  It  Is 
possible  that  the  specimen  preparation  methods  used 
here  might  have  removed  some  material  unintentionally 
from  the  wear  surface;  further  experiments  are  planned 
to  explore  this  possibility.  Examination  of  the  wear 
debris  produced  showed  the  presence  of  both  metal  and 
oxide  particles.  The  particles  were  relatively  small, 
less  than  0.5  urn,  and  the  larger  ones  may  have  been 
formed  by  combination  of  smaller  particles.  The  water 
vapor  content  of  the  argon  atmosphere  used  probably 
contributed  to  the  oxidation  process  during  wear. 

—  The  findings  discussed  above  Indicate  that  the 


Fig. 14  Transmission  electron  micrograph  from  a 

quenched  and  tempered  0-2  tool  steel  specimen. 
Some  large  carbides  (A)  remained  but  the 
characteristic  structure  was  a  tempered, 
twinned  martensite. 

lower  wear  rate  of  the  electron  beam  surface  melted 
alloy  resulted  from  the  higher  hardness,  finer  micro¬ 
structure  material  produced  by  this  process.  Wear 
involved  the  removal  of  both  surface  oxide  and  small 
metallic  debris  particles.  Deformation  damage  In  the 
bulk  material  was  confined  to  very  near  the  worn 
surface. 

Budlnskl  (12)  has  previously  discussed  the  wear 
of  several  types  of  tool  steels  Including  0-2.  He  has 
Indicated  that  both  metal -to-metal  wear  (Including 
oxidative  wear)  and  abrasive  wear  are  found  to  be 
the  principal  modes  of  wear  In  service.  He  notes  that 
there  Is  little  quantitative  Information  on  micro- 
structural  effects  In  wear.  Hirst  (13)  has  stated 
that  wear  under  dry  conditons  Is  controlled  to  a  large 
extent  by  the  oxide-forming  characteristics  of  the 
steel  and  that  certain  tool  steel  alloys  may  provide 
low  wear  rates  due  to  their  particular  oxidation 
characteristics.  Others  have  also  observed  (14,15) 
the  Importance  of  oxide  rubbing  and  formation  effects 
as  well  as  the  transfer  of  such  films  between  surfaces 
on  the  mild  wear  of  steels.  Recently,  Clayton  (16) 
has  Identified  certain  mlcrostructural  aspects  of 
steels,  namely  the  pearllte  volume  fraction,  as  being 
significant  In  affecting  wear  rate  for  certain  steels. 
However,  It  was  noted  that  many  other  mlcrostructural 
features  may  also  play  a  significant  role  in  wear. 

The  results  of  the  present  work  suggest  that  the  type, 
size  and  distribution  of  phases  present  In  this  steel 
are  very  important  to  dry  sliding  wear  performance, 
at  least  under  loads  In  the  range  studied. 

IV.  CONCLUSIONS 

The  application  of  electron  beam  surface  melting 
and  the  subsequent  rapid  solidification  l£  situ 
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Ffg.15  Transmission  alactron  micrograph  showing 

a  cross-section  through  s  wosr  track  In  the 
alactron  boom  surface  eel  ted  0-2  tool  steel. 


Table  II.  Stannary  of  Results  on  Steels  Studied 
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produced  a  substantial  change  In  the  mlcrostructure 
of  the  0*2  tool  steel  and  also  In  Its  wear  performance 
under  dry  sliding  conditions.  The  wear  and  friction 
results  are  suanarlzed  In  Table  II  along  with  mtcro- 
hardness  aeasurenents  on  these  specimens.  It  Is  seen 
that  tha  surface  melting  process  Increased  the  hardness 
about  10S  and  the  wear  resistance  about  25*  relative  to 
the  usual  quenched  and  tampered  material.  The  gain  In 
wear  resistance  was  about  a  factor  of  2  relative  to  the 
annealed  material.  It  Is  thought  that  the  highly  re* 
fined  mtcrostrueture  resulting  from  the  rapid  solidi¬ 
fication  after  surface  melting  led  to  this  Improved 
wear  resistance. 
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TABLE  2 

MICROHARDNESS  AND  GRAIN  SIZE  OF  FLAT 
SPECIMEN  MATERIALS 


Microhardness  (Kg/mm) 
(Note  1) 


Cu-15wt%Ag 

Cu-rich  phase 
Eutectic  areas 

108 

N/A 

(Note  2)  148+14 
(Note  2)  1 67±1 6 

Cu-7.0wUAl 

15 

106±15 

IT)  Knoop  indenter,  100  g  (0.98  N)  load,  microhardness  obtained  by 
dividing  load  by  projected  area  of  Indentation.  Method  given  In 
Ref.  [13]. 

(2)  Microstructure  of  Cu-Ag  alloy  consisted  of  two  main  constituents: 
a  Cu  rich  phase  (92  vol  %)  and  a  two-phase  eutectic  (8  vol  %) .  To 
measure  microhardness  of  individual  constituents,  a  10  g  (0.098  N) 
load  was  used  In  this  material. 


TABLE  3 


SLIDING  TEST  CONDITIONS 
(Normal  load  4.9  N,  sliding  velocity  0.5  cm/s) 


Cu-15Ag 


Cu-7A1 


Temp. 

Testing  Environment 

■tw 

of  the  Slidinq  Contact 

24 

Flowing  Ar ,  33±3%W 

25 

Laboratory  air,  59±3%RH 

Constant  immersion  in  distilled  water 

25 

25 

Laboratory  air,  ±3%RH 

24.5 

Flowing  Ar,  30+35SRH 

24 

Laboratory  air,  57+3%RH 

Using  plots  of  friction  versus  location,  correla¬ 
tions  between  micros tructures  at  and  below  wear  tracks 
and  frictional  changes  at  given  locations  can  be  made. 
For  example.  Fig.  4  Is  an  optical  photomicrograph  of  a 
region  about  1.6  cm  from  the  starting  end  of  the  track 
of  Cu  slid  In  air  (Fig.  3,  top,  and  Fig.  8).  Figure  5 
Is  a  metal lographlc  taper  section  of  the  sane  sample 
at  approximately  the  same  location.  Severe  surface  and 
subsurface  material  damage  can  be  clearly  observed. 
Together  with  other  analytical  techniques  which  measure 
surface  chemistry.  It  may  be  possible  to  Identify  key 
mechanisms  responsible  for  friction  and  wear  behavior. 
At  this  writing  such  correlations  are  being  performed 
on  Cu  alloys  and  steels  at  the  National  Bureau  of 
Standards  [14]. 

figures  6,  7  and  8  represent  the  frictional 
"histories"  for  Cu-ISwtMg,  Cu-7wtXAl  and  OFHC  Cu  flats 
all  tested  In  air  with  similar  loads  (4.9  N)  and  slid¬ 
ing  velocities  (0.5  cm/s).  Each  vertical  scale  unit  Is 
0.1  of  friction  coefficient  (n)  and  the  zero-friction 
base-lines  for  each  successive  stroke  are  Indicated  at 
the  right  side  of  the  figures.  By  scanning  the  plots 
fro*  bottom  to  top,  one  can  observe  the  changes  (or 
lack  thereof)  In  friction  at  any  point  along  the  wear 
track.  For  example,  the  stroke  by  stroke  change  In 


friction  for  a  point  1.5  cm  along  the  track  of  Fig.  8 
has  been  plotted  In  Fig.  9.  The  usefulness  of  such 
formats  lies  In  the  study  of  mlcrostructural  contrib¬ 
utions  to  wear  and  friction  break-in  behavior,  since 
It  is  possible  to  examine  structural  features  produced 
at  locations  with  documented  frictional  histories. 

One  notes  In  such  representations  as  Fig's.  6 
through  8  that  once  certain  features  develop  from 
stroke  to  stroke  on  a  track,  their  Influence  may  often 
aid  In  the  further  deterioration  of  the  track.  In 
Figure  8,  for  example,  one  might  suggest  that  the 
plateau-shaped,  high  friction  region  developed  on  the 
last  stroke  may  have  arisen  from  material  transfer 
to  the  rider  ball  surface  at  the  "upstream"  location 
Indicated  by  the  arrow.  If  a  built  up  transfer  film 
was  formed  so  as  to  promote  Cu-on-Cu  sliding,  one  might 
expect  to  see  higher  friction,  more  effective  load 
transfer  to  the  flat,  and  therefore  a  greater  potential 
for  track  deterioration.  Sasada,  et  alp 5]  addressed 
this  Issue  In  a  previous  paper.  Some  of  the  plowed-up 
debris  may  have  lead  to  adhesive  removal  of  the 
transferred  material  at  the  end  of  the  track  so  that 
the  transfer  process  would  need  to  be  reinitiated  on 
each  subsequent  stroke. 
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STROKE  NUMBER 


Fig.  3.  Variations  In  the  stroke  by  stroke  frictional 
behavior  of  Cu  In  three  sliding  environments. 


In  contrast  to  Cu-15wtXAg  (Fig.  6)  the  Cu-7.0wttAl 
alloy  (Fig.  7)  did  not  show  the  reproducibility  of 
features  or  subsequent  friction  traces.  This  could 
Indicate  that  substantially  different  wear  surface 
features  were  produced  at  a  given  location  during  each 
stroke.  Such  observations  can  help  to  Identify  the 
extent  to  which  the  characteristics  of  prior  wear 
surface  Influences  longer  term  deterioration. 


This  paper  presented  some  preliminary  findings  of 
an  on-90lng  program  to  understand  the  contributions  of 
micros trwcture  and  properties  of  Cu  and  Its  alloys  to 
their  behavior  during  the  early  stages  of  sliding. 
Measurement  methods  have  penal tted  the  collection  of 
data  relating  to  the  frictional  "histories"  of 


given  locations  on  a  wear  track.  Coupled  with  detailed 
mlcrostructural  observations,  the  role  of  microstructure 
in  surface  deterioration  during  wear  eventually  may  be 
more  clearly  related  to  the  mechanisms  which  give  rise 
to  sliding  friction  as  well. 
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Fig.  4.  Optical  photomicrograph  of  a  wear  track  on  Cu 
tested  In  air.  (Data  for  this  test  given  in  Fig.  3 
(top)  and  Fig’s  8  and  9).  Sliding  direction  given  by 
the  arrow. 


Fig.  5.  Polished  cross-section  of  the  track  In  Fig.  4. 
Inclining  the  plane  of  polish  produced  enhanced 
magnification  of  surface  features  and  subsurface 
deformation.  Areas  of  mild  scoring  (a)  and  a  raised 
lip  (b)  correspond  to  Fig.  4  features. 


Cu-7  Al 


LOCATION,  cm 

Fig.  6.  Wear  history  of  a  Cu-!5SAg  (In  air)  specimen 
showing  little  variation  In  friction  and  similar 
behavior  from  one  stroke  to  the  next. 
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Fig.  7.  Rapid,  early  transition  from  low  steady 
friction  to  higher,  more  erratic  friction  In  a 
Cu-7XA1  alloy  (In  air). 
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Fig.  8.  SmII  localized  frictional  variations  precede  Fig.  9.  Change  In  friction  fron  stroke  to  stroke  for 
a  large  transition  In  friction  In  a  test  of  Cu  In  air.  a  point  1.5  cm  down  the  near  test  track.  Fig.  8. 
Higher  friction  at  the  right  end  of  the  track  nay  Hast  rapid  changes  occurred  during  strokes  14  to  18 

result  from  metal  transfer  to  the  slider  after  about 
the  first  cm  of  travel. 


OBSERVATIONS  ON  THE  WEAR-IN  PROCESS 
DURING  THE  SLIDING  OF  SEVERAL  COPPER  ALLOYS  AGAINST  52100  STEEL 
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ABSTRACT 

The  changes  In  the  surface  and  subsurface  mlcro- 
structures  which  occur  In  early  stages  of  metal  sliding 
contact  *ay  set  the  stage  for  longer  tena  friction  and 
wear  behavior.  The  current  paper  presents  the  results 
of  a  study  of  the  friction  and  wear  break-in  behavior 
of  Cu,  Cu-7wtXAl,  and  Cu-15wttAg  rubbing  against  fixed 
52100  steel  ball  bearing  sliders  In  a  stroke-by-stroke 
linear  wear  test  device.  Friction  was  Measured  at  81 
locations  on  each  wear  track  and  plotted  by  coMputer 
to  reveal  the  frictional  "histories*  of  the  given 
locations.  The  development  of  variations  In  the 
frictions  traces  was  correlated  with  Microstructure 
of  the  worn  tracks  to  clarify  the  effects  of  previous 
sliding  history  on  surface  deterioration  In  the  tested 
Materials.  Sliding  behavior  In  air,  flowing  argon  and 
distilled  water  was  reported  for  Cu. 

INTRODUCTION 

When  solid  surfaces  are  first  brought  Into  contact 
and  slid  relative  to  one  another  a  complex  process 
leading  to  surface  deterioration  In  one  or  both  solids 
begins  to  occur  (Fig.  1).  Some  of  the  Interpretations 
of  the  transient  friction  and  wear  behavior  during 
early  stages  of  sliding  have  been  discussed  In  the  lit¬ 
erature  (e.g.  Ref  [2-ll]J  but  It  Is  clear  that  much  more 
work  In  this  area  Is  needed  before  the  possible  effects 
of  the  Many  candidate  mechanisms  can  be  Incorporated 


to  apply  to  any  given  break-in  situation.  The  current 
paper  reports  on  the  results  of  an  Investigation  which 
has  fbcused  on  the  Mlcrostructural  aspects  of  the  wear- 
in  process  In  copper  and  two  of  its  alloys.  In  partic¬ 
ular,  the  frictional  "history"  of  selected  portions  of 
wear  tracks  are  related  through  Metallography  to  the 
microstructures  produced  by  sliding.  Effects  of 
material  properties  and  environment  during  sliding 
produced  quite -different  frictional  histories  and  wear 
scar  appearances  from  track  to  track. 

MATERIALS 

Table  1  lists  the  compositions  and  thermomechan¬ 
ical  treatments  given  to  the  materials  which  were  used 
In  this  Investigation.  In  addition.  Table  2  gives  the 
average  pre-test  microhardness  and  grain  sizes  of  the 
test  materials. 

TEST  METHOD 

The  trlbometer  used  for  the  current  studies  was 
computer  controlled  and  operated  In  a  linear,  stroke- 
by-stroke  fashion  [12].  Figure  2  represents  the  basic 
test  geometry.  Friction  forces  were  measured  using  a 
strain  ring  which  was  calibrated  before  each  test  and 
monitored  for  signal  stability  and  drift  between  each 
stroke  during  the  test.  The  current  series  of  tests 
were  all  conducted  using  a  fixed  52100  steel  ball 
bearing  rider  (0.635  cm  In  diameter)  with  a  load  of 


FRACTURE  MODES  MATERIAL  TRANSFER 


Contact  Area 

Surface  Roughness  | 

-MICROGEOMETRY 


Developed  During 
Initial  /  Sliding 

SURFACE  FILMS  , 

Oxides,  Sulphides,  Etc. 
Lubricants 


BALANCE  OF  MECHANISMS, 
AT  ''STE  A  DY  -  STATE* SLIDING 


ADSORBED  SPECIES. 


MATERIAL  DEFORMATION 
Texturing-"  /  /  I  \  Che>  Effects 
Phase  Changes  /  j  \ 

Microstructure''  /  Thermal  Effects 

CtM  Work^ 

Sliding -Induced 


-ABRASIVE  DEBRIS 


^/Ambient  Temp. 
THERMAL  EFFECTS 
Frictional  Heating 


LOAD  HISTORY 

Fotigue  \ 

Constant  Contact 


,U| 


Fretting1 
Rolling  ■ 
Unidirectional 


Sliding 


Fig.  1.  Summary  of  stvtral  of  the  many  possible  mechanisms  contributing  to  sliding  behavior  (from  Ref.  [lj. 


RESULTS  AND  DISCUSSION 


Fig.  2.  Schematic  of  tho  linear  trl  borne  ter  head:  (A) 
specimen.  (B)  ball  rider  on  a  brass  stub. 

(C)  precision  linear  ball  bushing,  (0)  strain 
ring  with  gauges  . 


500  g  (4.9  N)  and  a  sliding  speed  of  0.5  cm/s.  Stroke 
length  was  2.0  cm  and  81  values  of  frictional  force 
were  recorded  for  each  stroke.  In  this  way,  friction 
was  recorded  as  a  function  of  rider  position  at  0.25  mm 
intervals  along  the  wear  track. 

Sliding  materials  were  cleaned  In  acetone  and 
methanol  Immediately  before  testing.  In  addition,  the 
flat  samples  were  freshly  final -polished  using  a  1  nil 
diamond  lap  within  about  1  hour  of  the  test.  Sliding 
conditions  for  the  various  test  runs  are  listed  In 
Table  3. 


Figure  3  demonstrates  the  manner  In  which  the 
averages  and  standard  deviations  of  the  kinetic  fric¬ 
tion  coefficients  changed  from  stroke  to  stroke  In 
three  sliding  tests  for  Cu.  Each  plotted  point 
represents  a  sampling  of  81  values  measured  at  0.25  mm 
Intervals  along  the  2.0  cm  long  sliding  track.  The 
three  runs  exemplify  environmental  effects  on  fric¬ 
tional  break-in's.  For  the  run  In  air,  there  was  a 
rapid  Increase  In  both  average  friction  and  standard 
deviation  of  friction  over  a  period  of  only  about  four 
strokes  once  severe  wear-in  began;  whereas,  for  the 
lower  humidity  run,  average  friction  changed  little 
while  the  standard  deviation  varied  erratically  from 
stroke  to  stroke.  When  rider  and  flat  were  tested  in 
distilled  water,  both  the  average  friction  and  standard 
deviation  gradually  Increased.  Interpretation  of  these 
results  and  others  like  tham  must  address  many  possible 
environmental  Interactions,  including  for  example: 

1)  material  transfer  from  one  component  to 
another  and  back  again. 

2)  formation  and  action  of  surface  films  of 
various  types. 

3)  debris  rmaoval  processes  (Including  fluid 
transport) . 

4)  surface  and  subsurface  mlcrostructural 
behavior. 

While  data  such  as  that  In  Fig.  3  can  provide 
useful  Information  about  general  trends  In  friction  and 
wear  mode  transitions  In  given  sliding  systems,  to 
Identify  the  fundemental  mechanisms,  more  detailed 
knowledge  about  the  evolution  of  surface  damage  Is 
needed.  To  this  end,  the  appropriate  computer  soft¬ 
ware  was  written  to  plot  kinetic  friction  versus 
location  on  the  waer  truck  for  each  subsequent  pass  of 
the  slider. 


TABLE  1 

MATERIAL  COMPOSITIONS  AND  PREPARATION 


Oxygen-Free,  High 
conductivity  Cu 

Cu-15wt*Ag 


Cu-7.0wt*Al 


As- received 


Extruded  rod 


Lab  melt 


Warm-rolled  plate 


fhermomechanjcal_Treatecnt_ 
Annealed  4  hrs.  at  535°C  In  vacuum 


Melt  in  vacuum;  quench;  cold  roll 
about  50X;  anneal  In  vacuum  2  hrs. 
at  740*C;  then  16  hrs.  at  845®C;  quench 

Cold  roll  50*;  anneal  4  hrs.  at  535®C 
In  vacuum;  quench 
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REPRINT  ERRATA  -  Hear  of  Materials  1981,  pp.  69-74 

P.  J.  Blau 

1)  Table  3  -  Cu-lSAg  "58±3XRH" 

2)  Reference  11  -  "to  be  published  1981" 

3)  Fig.  4  and  5  -  micrometer  markers  as  below: 
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